The high penetration of utility-interconnected Photovoltaic (PV) systems requires nontraditional and seemingly noncompliant modes of operation as a method to accommodate the high level of distributed generation at the distribution level. The normal operation of utility interconnected PV systems is governed by IEEE 1547 Standard for Interconnecting Distributed Resources with Electric Power Systems and provides relevant requirements for performance, modes of operation, safety, and maintenance considerations. A recommended practice that provides flexibility of the existing interconnection standard by expanding the implementation requirements for utility interconnection is currently being addressed in IEEE 1547.8. The proposed recommended practice establishes methods and procedures for the expanded use of the governing utility-interconnected standard and is intended to address the increasing implementation of a varying resource. This recommended practice is designed for the implementation of advanced smart-grid functionality and allows the continued operation of Distributed Energy Resources (DER) during abnormal voltage and frequency conditions. The distributed resource smart-grid functionality is described in IEC61850-7-420, Advanced Functions for DER Inverters Modeled in IEC 61850-90-7. This report describes the implementation of advanced functionality and successful criteria to assess proper operations of the "smart inverter" under communication driven control.
INTRODUCTION
The rapid growth of utility-interconnected PV systems has fostered the need for distributed-generation functionality beyond today's interconnection standards specifications. IEEE 1547.8. [1] Recommended Practice for Establishing Methods and Procedures that Provide Supplemental Support for Implementation Strategies for Expanded Use of IEEE Standard 1547 [2] provides flexibility of the existing interconnection standard by expanding the implementation requirements for utility interconnection. Developing and implementing advanced smart-inverter functionality led to collaboration between Electric Power Research Institute (EPRI), Sandia National Laboratories (SNL) with the U.S. Department of Energy (DOE), and the Solar Electric Power Association (SEPA). To minimize adverse distribution system effects of high levels of DER of various sizes, installation locations, and intermittent output power, a set of control schemes was initiated and developed for the Electrical Power System (EPS).
978-1-4673-0066-7/12/$26.00 ©2011 IEEE A consensus-based research effort engaged vested parties to develop a communication control scheme that was refined through a vast list of use cases. By actively controlling the power generation of DER and the DER responses to voltage/frequency anomalies, the adverse grid voltage effects can be minimized and in some instances mitigated completely [3] . The communication protocol, information, and the communication channel are paramount to successfully implementing the advanced functionality and allowing the smart-grid-ready inverters to provide the added value to fully contribute to the stability and reliability of today's distribution systems. For this approach, the EPS either commands or requests a control function active to the inverter-based DER. A command is defined as requiring the function to be carried out with deterministic operation. A request is defined as a desire for capable inverters to provide the advanced function or to modify as appropriate. The methods to manage the operation of interconnected PV systems that include PV systems with storage can be classified into these three categories:
• Directly managed: tightly coupled commands; assumes complete knowledge of inverter status and capabilities. No response from inverter is needed
•
Interactively managed: loosely coupled requests; allows autonomous response with allowance to modify request if needed. Feedback is required.
• Broadcasting/multicasting: communications to specific types/sizes/locations of inverters; monitoring of parameters is only feedback.
PV inverters traditionally have autonomous system control that manages interconnection set points, charge and discharge (if available) levels, scheduled (power factor), and real power modes of operation. The acceptance of an industry-led collaborative communication protocol, described in IEC61850-7-420 [4] , is focused on enabling communication-enhanced inverters to be fully integrated with the advanced functionality. This highlights one possible configuration for enhanced system performance leveraging communications that was implemented and assessed in this paper.
With the various types and sizes of interconnected PV systems and the variability associated with energy management systems (EMS), the focus of this paper was limited to an interactively managed communication structure that required the advanced functionality to be implemented on laboratory equipment. As with the variation in communication configurations, numerous variations in advanced functions exist. The evaluation was limited to those functions identified as a core set of common inverter capabilities. The identified functions (if implemented) allow the present growth of interconnected PV systems to continue unimpeded. The advanced functionality has been defined through the high inverter penetration workshop hosted by SNL in Albuquerque, NM. The advanced functions were implemented in two phases, where the first phase of functions is the focus of this paper and is listed below: The evaluation focuses on determining if the Equipment Under Test (EUT) receives the command/request and if the EUT responds appropriately. The interoperability test structure is set up to verify that the expected action was achieved and document the duration required to carry out the function. The configuration shown in Figure 1 allows the EUT to be connected to a regenerative AC simulator, providing an environment to simulate conditions that require actions from the EUT. A data acquisition system 978-1-4673-0066-7/12/$26.00 ©2011 IEEE monitors and records the parameters needed to determine the degree of success as well as the response time to implement the commanded or requested functions.
Control

Experimental Test Setup
DETL utilized two distinct PV inverter topologies. One inverter topology utilizes PV only, the other inverter topology utilizes both PV and battery storage to meet the commands/requests from the utility energy management emulator. The parameters that were monitored and recorded include:
• AC voltage at the point of connection The apparent power, active power, reactive power, and power factor measurements were also measured to determine the accuracy in response to the requested commands.
Test Procedure
The advanced inverter interoperability evaluations were implemented using the DNP3 emulator to send the commands and requests into each of the inverter manufacturers' hardware. For each of the advanced function evaluations, a test precursor exists requiring the EUTs to be operating within ANSI C84.1 Range A [5] . Additionally each EUT was operated at 50% of rated power. Communication between the utility distribution management system simulator and the EUT were demonstrated prior to all evaluations for verification of communication channel fidelity. A protocol test sequence [6] has been developed and was utilized to perform all functions. The test protocol lists the steps to sequence through the task for each step, the function being performed at each step, and notes associated for each step. An example of the protocol test sequence is shown below in Table 2 , highlighting how multi-functions can be realized for a specific test. 
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Utility receives response to Expected response: the command.
• Successful (includes resulting switch IXlsition)
• Re"ected includes reason) Table 2 . Test Protocol Sequence RESULTS DETL has installed the DNP3 emulator into a PC and the PC is connected directly to a router port with a second port connected to the EMS of the EUT. Each of these connections are TCPIIIP connections with the mode set to broadcasting/multicasting (communications to a specific inverter and monitoring of parameters is the only closed loop feedback). SNL has contracted with Princeton Power Systems (PPS) to map and implement the defined DNP3 protocols into their inverter-based systems for purposes of demonstrating the device response in a lab-based environment.
INV1 Connect/Disconnect
The first communications-based function is to turn the EUT on and off. These commands establish the ability for utilities to control the presences of DER or remove the DER from the utility. Table 3 shows the results from a command sent via the DNP3 emulator to the EUT. The times recorded are the approximate time from the moment the DNP3 command is initiated to the time it takes the EUT to respond. For each of the commands below, the same command was sent again to record a possible mis operation situation but the EUT ignored the second request to turn on if it was already on or turn off if it was already off. Figure 2 shows the on/off commands when PV and battery provide the dc power. 
INV2 Adjust Max Generation Level
The objective of this command is to demonstrate the DNP3 emulator can set the power generated on the EUT through communication commands. Initially, the test is conducted with the EUT commanded to a power level with sufficient PV power to meet the power command requested (oversupplying the inverter with dc power). The Figure 3 ) was programmed into the PV simulator, providing sufficient PV power to reach the maximum power rating of the EUT during the 1000 W/mA2 portions of the curve. Due to the nature of the programmed irradiance curve, regions exist where the commanded power to the EUT is higher than the available power from the array, creating a more challenging set of tests. These conditions are challenging because the profile delivers a varying irradiance profile and has different rates of change between the respective available output powers. The EUT used for this test has integrated storage capability and if programmed delivers constant power regardless of varying irradiance conditions. For these tests, the storage functionality is disabled, allowing for a characterization of the performance of the identified function to a simulated (and varying) PV input. The individual tests are described in the following list.
a) Command 20kW (previously off)
Command 50kW (start-20kW then 25kW-repeat) Table 4 shows the commanded power levels and measured device output power in addition to the response time for the EUT. The irradiance curve controlling the output power of the PV simulator is presented in Figure 3 . The temperature was held constant in an effort to minimize the fluctuation in dc voltage that is normally seen on a PV array. Adjusting the available dc power may present challenging conditions on the power-level command algorithm. This particular EUT has storage capability allowing for mitigation of the irradiance induced power fluctuations; however these feature sets were tested as part of a future suite of operational tests. The irradiance power curve is used to vary the output of the PV simulator and an array is programmed into the simulator that delivers enough dc power to run the EUT at rated ac power when the irradiance reaches 1000 w/mI\2. The varying irradiance power curve is used to present a condition when the dc power available to the EUT is insufficient to meet the commanded power level. Documenting what the EUT produces is important. Likewise when more power is available, it is important to know if the commanded power level is achieved and maintained. Figure 4 shows the measured power command results when subject to different power commands and a varying dc input. Refer to table 4 for the commanded power levels. 
INV3 Adjust Power Factor
The high penetration of distributed-power electronic devices on today's EPS is becoming prevalent in many geographical locations. The increasing penetration rates associated with these devices may negatively impact the EP� operations as the bulk power system was not initially designed to accommodate distributed-generation resources supporting unity power-factor output (entirely 978-1-4673-0066-7/12/$26.00 ©2011 IEEE real power). However, as power electronics-based devices, these inverters have the capability to modify the phase relationship between the existing grid voltage and the current they are producing from the PV arrays. This fun ? tionality allows for the DER devices to quickly alter their output characteristics to improve voltage stability on the area's EPS, minimizing impacts to existing voltage � egulation equipment, and extending the capability to Install more resources on today's distribution circuits. These operational capabilities (non-unity power-factor operation) in addition to providing reduced stresses on voltage regulation equipment and voltage support functionality may also help to suppress the voltage rise that is caused by high penetration of PV in areas with high X/R ratios. The capability of a utility or an area EMS to set the DER's operating power factor demonstrates a significant beneficial function that can assist in fulfilling ANSI operating voltage standards requirements. This communications-based command/request allows for system operators to modify VAr output from the DERs to meet the local and more global system needs. Autonomously implemented and schedule-driven non unity power factor operation is also possible but beyond the scope of this paper. Each EUT has a fundamental kVA limit and a determination was made as to which parameter must be satisfied during high-power operation at low-power factor request. Because this is a power-factor command request, the real power was curtailed to fulfill the desired power factor. PV system designs coupled with local weather conditions dictate how often real power curtailment actually occurs in the field; however, usually there is headroom to perform some level of non-unity power-factor operation without curtailing real power generation. The implementation of the DNP3-communicated power-factor test results are shown in Tables 5 and 6 . Additional tests covering the lagging power factors and at different output power levels containing similar results have been omitted from this document for brevity. Table 6 . Leading Power factor with Power Command @100%
The power-factor tests presented here represent the EUT operating from a PV source only. Implementing the battery/PV source capabilities during this mode of operation removes the variability associated with an intermittent irradiance condition. The following two Figures show the real and reactive power as well as the resultant power factor for the specified requests. Another desirable function is to utilize the renewable resource based on pricing signals, local system needs, and operational longevity. The need for storage is still Table 7 . Battery seiling command
For this evaluation, the irradiance curve ( Figure 3 ) is leveraged to significantly vary the available PV input power to the combined system. The EUT is commanded to deliver a high level of inverter power to the utility. The EUT maximizes the utilization of PV power during repeated operations with a variable dc power input and only utilizes enough battery power to operate at the commanded power level. ---.
-- More work is required to fully capture the characteristics of the EUT when an extended period of limited PV power occurs. Charging from the utility or a traditional synchronous generator should be explored to fully characterize the system requirements. Additionally, the battery source for the communication-based DER control evaluation is uncommonly large in capacity. Ideally, a smaller battery would be used for this type characterization, which would present many different control possibilities because of the small amount of storage. The initial intent was to include a PV utility-interconnected inverter in the advance function control implementation exercise and Advanced Energy Industries Inc. has been identified as a collaborating industry partner. However, facility delays at SNL's DETL prevented the completion of the assessment on this type of equipment at the time of this paper's authoring. The high penetration of renewable resources into today's existing distribution circuits continue to require additional functional and operational capabilities to be implemented locally while providing a path for coordinated control from the system operator. At this time, the implementation of four advanced functions have been achieved and documented as part of this paper. To achieve high penetration, more advanced functions need to be adopted in the near future. Of the remaining functions, the following three are essential to achieving the objective of distributed advanced function control: 1) voltNAr, 2) freq/Watt, 3) LVRT/HVRT. Figure 8 [4] shows a representative voltNAr curve that requires additional reactive power to be generated by the EUT as the voltage moves away from a nominal value. 
CONCLUSIONS
The sustained growth utility-interconnected PV systems have been experiencing, combined with the abundant solar resources available to the US market, has fostered the need for distributed-generation functionality beyond today's accepted interconnection standards specifications. The communication-based controls for advanced functionality of DER were demonstrated in this report and the results indicate little ambiguity in implementing controls and the device under test responded accordingly. These commands were implemented with additional hardware and the method to monitor and determine the delivery of the request needs be refined as necessary to determine the level of compliance for compatible devices capable of performing ancillary services. Laboratory experiments were utilized to determine the interoperability of today's equipment while providing a means to document existing and future challenges.
